(a) (b) (c) Figure 1 . A synthetic common midpoint gather (a), conventional semblance (b) and weighted semblance (c) velocity spectrum.
INTRODUCTION
Normal moveout (NMO) velocity analysis using semblance spectra (Taner & Koehler, 1969) is an important first step toward building a velocity model. The accuracy of the velocity model depends on one's ability to pick the correct velocity, which in turn depends on the accuracy and resolution of the semblance spectrum. In cases involving interfering events such as those shown in the common midpoint (CMP) gather in Figure 1a , it may be difficult to distinguish two sets of semblance peaks in the conventional semblance spectrum shown in Figure 1b . In comparison, it is easier to differentiate semblance peaks and pick the correct NMO velocity in the higher-resolution weighted semblance spectrum shown in Figure 1c .
Semblance is a normalized coherency coefficient. It has been shown that emphasizing terms in a coherency coefficient calculation that are sensitive to changes in velocity can increase the resolution of the corresponding velocity spectra. For example, Celis & Larner (2002) introduce a selective-correlation sum that improves the resolution of velocity spectra by discarding crosscorrelations between traces with relatively small differential moveout of events. Selective-correlation is effectively a weighted crosscorrelation sum with weights of either zero or unity, depending on the differential moveout between traces.
We can likewise increase the resolution of semblance spectra by weighting terms in the conventional semblance calculation. Unlike Celis and Larner, however, we do not discard terms in the semblance calculation but instead weight all terms on the basis of their sensitivity to changes in velocity. Our implementation of weighted semblance is based on work presented in Hale (2009) . Hale uses a weighted semblance coefficient to prevent smoothing of seismic images across faults. We do something different, i.e. increase resolution, by using a different weighting scheme.
In this paper we describe a method for computing weighted semblance for the purpose of increasing resolution of semblance spectra. The method is easy to implement, and its computational cost is comparable to that of conventional semblance.
SEMBLANCE METHODS
Weighted semblance is a straightforward extension of conventional semblance. In this section, we will first discuss conventional semblance, and we will introduce our implementation of weighted semblance. We will then derive the weighting function and show how it is used to increase resolution.
Conventional semblance
Conventional semblance is a normalized coherency measure that was first defined by Taner & Koehler (1969) . A comparison of semblance and other coherency measures can be found in Neidell & Taner (1971) . Semblance is routinely used to estimate NMO velocity as a function of zero-offset time. Following normal moveout correction of a CMP gather, semblance as defined by Neidell and Taner is computed as
where i and j are time sample indices, k is a trace number, and q[j, k] is the trace amplitude at time index j and trace number k of the NMO-corrected gather. The inner sums over k correspond to N NMO-corrected traces in a CMP gather, while the outer sums correspond to a time-smoothing window with length 2M + 1 centered at time index i. Here, the time-smoothing is performed by a boxcar filter.
In general, we are free to use any time-smoothing filter, but in practice, it is often a good idea to replace a boxcar filter with one that decays more smoothly. For the examples shown in this paper, the boxcar filter is replaced with a two-sided decaying exponential filter.
We can represent the time-smoothing filter using an additional weighting function h [j] . The derivations are independent of the choice of h[j], so its exact form is not important. We rewrite Neidell and Taner's conventional semblance as
where it is assumed that the unspecified summation limits include all indices for which the summation terms are defined.
The semblance value reflects how well the moveout path corresponding to the trial NMO velocity fits the moveout of signal in the data. A good fit produces a peak in the semblance spectrum, whereas a poor fit produces semblance values closer to zero. Assuming there is no noise and no signal amplitude variation with offset, semblance is maximized when the values of q[j, k] do not vary with index k. That is, s[i] = 1 when the NMO-corrected events are aligned across traces at time index i.
The resolution of semblance spectra depends on the sensitivity of NMO times to changes in velocity. If a small change in trial velocity results in a relatively large change in NMO time, the semblance value will change rapidly with the mismatch between the NMO times corresponding to the trial velocity and the correct velocity. The greater the change in NMO time for a change in trial velocity, the higher the resolution of the semblance spectrum.
Conventional semblance rewritten
Before we consider weighted semblance, let us introduce an alternative expression for conventional semblance. We express conventional semblance as a normalized correlation coefficient by first defining a reference trace r[j] as a summation over trace number (equivalently, a stack over offset) of the NMO-corrected traces in the CMP gather:
To simplify notation, we also define
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Conventional semblance sc[i] can then be written as
Equation 5 and equation 2 are equivalent expressions for conventional semblance.
Weighted semblance
To obtain weighted semblance, we modify conventional semblance by introducing weights w[j, k] into equations 4:
Then, weighted semblance sw[i] is given by
Weighted semblance is clearly equal to conventional semblance for w[j, k] = 1. Moreover, it can be shown using the Cauchy-Schwarz inequality that weighted semblance is bounded between zero and one if the weights w[j, k] and h[j] are non-negative.
Weighting function
We use a weighting function w[j, k] to emphasize terms in the semblance calculation that are most sensitive to changes in velocity. The form of the weighting function should reflect the change in NMO time for a given change in velocity; i.e., the weights should vary with both offset and time. Consider the first-order Taylor series expansion of the hyperbolic moveout equation about the unknown correct velocityṽ: 
Thus, the change in NMO time that results from a small change in velocity is proportional to offset squared and inversely proportional to time.
To reflect this proportionality, we choose a weighting function w[j, k] that has a similar dependency on offset and time:
where a and b are parameters to be determined, and c[j] is calculated as the ratio of the zero-offset time to the average offset squared:
Multiplying by c[j] ensures that b is unitless.
The relative values of the parameters a and b in equation 10 effectively determine how the far offsets are weighted. In cases where we expect large weights for the farthest offsets, the ratio of b to a must approach infinity. To satisfy this condition more easily, we choose
so that
In addition, we allow b values only between zero and one. Bounding b ensures that the weighting function is non-negative, which is sufficient for weighted semblance to remain normalized between zero and one. After substituting equation 13 for w[j, k] in equations 6, we have for weighted semblance
where 
Weighted semblance is now a function of the parameter b.
Note that although the weighting function is derived from the hyperbolic moveout equation, we do not make any assumptions about how the seismic data are NMO-corrected. Because semblance is calculated after NMO correction, we are free to use any moveout equa-tion, hyperbolic or non-hyperbolic, to correct the data. Our method for increasing resolution works in either case.
Increasing resolution
To increase the resolution of semblance spectra, we minimize semblance with respect to b. Recall that in the case where the trial velocity equals the correct velocity, semblance is calculated along what are assumed to be constant trace amplitudes, i.e., amplitude is independent of trace number.
If amplitude q[j, k] is independent of trace index k, then q[j, k] = r[j]/N can be pulled out of the summation over k in equations 4 and equations 16. Then, semblance is unity, regardless of the weighting function. Because semblance peaks where sc[i] = 1 are not influenced by the weighting function, we can increase the resolution of semblance spectra by minimizing semblance away from the peaks.
To minimize semblance sw[i] for any time index i, we set the first derivative with respect to b equal to zero:
Solving this equation, we find that semblance as a function of b has two stationary points:
where
A typical plot of sw(b) is shown in Figure 2 . Note that one stationary point is a local minimum while the other is a local maximum. Also, note that stationary point b1 always gives a semblance of zero. Although Figure 2 shows b1 as a local minimum and b2 as a local maximum, this is not always the case. Depending on the values of equations 4 and equations 16, in some cases b1 may be a local maximum and b2 a local minimum. When calculating weighted semblance, we choose the stationary point that corresponds to the local minimum. Let us define
,
These ratios give the b values of the zero and the two discontinuities in the plot of semblance as a function of b. Moreover, their relative values determine which of the two stationary points is a local minimum. It can be shown that b2 corresponds to a local minimum if either
or
Thus, if b is between zero and one, we minimize semblance by choosing stationary point b2 in cases where either inequality 22 or inequality 23 holds, and by choosing stationary point b1 in all other cases. If b is not between zero and one, we simply choose the minimum value of sw(0) and sw(1). We choose the minimum because we are increasing resolution by minimizing semblance.
RESULTS
To illustrate the action of the weighting function w[j, k] on the resolution of semblance spectra, we compare weighted semblance to conventional semblance for synthetic CMP gathers and for a field CMP gather from the North Viking Graben.
Synthetic gather
For all synthetic data examples, the CMP gathers have cable length 3 km, receiver group interval 50 m, and a Ricker wavelet peak frequency of 25 Hz.
The first CMP gather consists of a series of synthetic primary reflections with linearly increasing NMO velocities. The velocity increases from 2 km/s at zerooffset time τ = 0 s to 3 km/s at τ = 4 s. Figure 3a depicts the CMP gather, and Figure 3b depicts the b values used in the weighting function w [j, k] . In the conventional and weighted semblance spectrum shown in Figures 3c and 3d , respectively, the contour lines mark s = 0.1 and s = 0.4. Note the spread in spectral amplitude across a range of velocities in the conventional semblance spectra. In comparison, in the weighted semblance spectrum, both the spread in amplitude and the area enclosed by the contour lines have decreased. We can directly compare semblance peaks by plotting semblance as a function of trial velocity for a chosen zero-offset time. Figure 4 depicts this plot for the first synthetic CMP gather at zero-offset time τ = 3.2 s. In the figure, we see that minimizing semblance has reduced the semblance values at velocities away from the peak. As a result, the weighted semblance peak is sharper than the conventional semblance peak.
Synthetic gather with multiples
We add a second set of reflections to the synthetic CMP gather shown in Figure 3a to simulate interfering multiples. The second set of reflections have NMO velocities that increase linearly from 1.98 km/s at zero-offset time τ = 0 s to 2.70 km/s at τ = 4 s. tion w [j, k] . Figures 5c and 5d depict the conventional and weighted semblance spectrum, respectively. As confirmed by the semblance curve in Figure 6 , the weighted semblance spectrum affords higher resolution as it better distinguishes the two sets of semblance peaks. Again, minimizing semblance has reduced the semblance values at velocities away from the peaks.
Note that the weighted semblance peaks have smaller amplitude compared to the conventional semblance peaks. This is a result of minimizing semblance. A necessary assumption for this minimization was that the NMO-corrected trace amplitudes are constant for the correct trial velocity. For our synthetic data, and for field data especially, this assumption is incorrect. Thus, in minimizing semblance, we actually expect the peak amplitudes to decrease in most cases.
Synthetic gather with multiples and noise
Next we consider a synthetic gather contaminated by additive noise. For this example, we added bandlimited random noise to the CMP gather shown in Figure 5a with a signal-to-noise ratio of 1. Here, the signal-to-noise ratio is computed as the ratio of the root-mean-square (rms) amplitude of the signal to the rms amplitude of the noise. Figure 7a depicts the noise-contaminated synthetic CMP gather, and Figure 7b plots the b values used in the weighting function. Figure 7c depicts the conventional semblance spectrum, and Figure 7d depicts the weighted semblance spectrum.
Again, we see an increase in resolution and a decrease in overall amplitude going from weighted to con- ventional semblance. However, because the conventional semblance peaks have relatively low amplitudes to begin with, the reduction in amplitude of the weighted semblance peaks has almost completely eliminated the s = 0.4 contour line in Figure 7d .
Viking Graben example
Our final example compares conventional and weighted semblance for a CMP gather taken from a 2D seismic dataset from the North Viking Graben. The cable length is 3 km, and the offset sampling interval is 50 m. The multiples in the data have been suppressed in order to make the semblance peaks easier to identify. Figure 8a depicts the CMP gather, while Figure  8b depicts a plot of the b values used in the semblance weighting function. Figure 8c shows the conventional semblance spectrum, and Figure 8d shows the weighted semblance spectrum.
In the weighted semblance spectrum, the spread in semblance associated with the near offsets has been reduced, and the decrease in the area enclosed by the contours indicates that the semblance peaks are sharper as well.
CONCLUSION
Weighting terms in the semblance calculation that are sensitive to changes in velocity increases the resolution of semblance spectra. Our implementation of weighted semblance increases resolution by using a weighting function to minimize semblance while maintaining a normalized semblance value bounded between zero and one.
Implementing the weighted semblance calculation requires a small change to the conventional semblance implementation. This change increases the cost of calculating semblance. However, the cost is still comparable to that of conventional semblance because the computational complexity of calculating weighted semblance remains on the order of Nx × Nt × Nv, where Nx, Nt, and Nv are the number of offset, time, and velocity samples, respectively.
Weighted semblance increases the resolution of semblance spectra for synthetic data consisting of isolated and interfering events and for field seismic data as well. Using weighted semblance to obtain a higher resolution semblance spectra can improve the accuracy of NMO velocity estimates and velocity models, which in turn can improve the quality of seismic images of the subsurface.
